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A design idea is newly proposed and investigated for the application of plate–fin heat exchanger (PFHX)
with regenerative cryocoolers. The role of this heat exchanger is to effectively absorb heat from the
stream of coolant and deliver it to the cold-head of a cryocooler. While various types of tubular HX’s have
been developed so far, a small PFHX could be more useful for this purpose by taking advantage of com-
pactness and design flexibility. In order to confirm the feasibility and effectiveness, a prototype of
aluminum-brazed PFHX is designed, fabricated, and tested with a single-stage GM cryocooler in experi-
ments for subcooling liquid nitrogen from 78 K to 65–70 K. The results show that the PFHX is 30–50%
more effective in cooling rate than the tubular HX’s. Several potential applications of PFHX are presented
and discussed with specific design concepts.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Regenerative cryocoolers are conveniently used in many cryo-
genic systems, where the refrigeration load is relatively small. A
number of cryocooler models are available in market as Stirling,
GM (Gifford–McMahon), or pulse tube cycle. Even though the oper-
ating principle of the refrigeration cycles is different each other
[1,2], every regenerative cryocooler has the coldest cooling part
in common as a cylindrical head surface called ‘‘cold-head’’. Since
the diameter of cold-head is small (typically less than 120 mm),
the effective cooling area is quite limited, which often becomes a
major constraint in efficient thermal design.

A heat exchanger (HX) is employed to effectively absorb heat
from a stream of coolant (such as liquid nitrogen or gaseous
helium) and deliver the thermal load to the cold-head. Various
types of tubular HX’s have been developed for different applica-
tions so far. Yoshida et al. [3] and Suzuki et al. [4] used
‘‘tube-on-cylinder’’ HX’s for HTS power systems as illustrated in
Fig. 1(a). Liquid nitrogen is pumped and subcooled from 78 K to
65–70 K through two HX’s attached to two units of GM coolers.
The HX is composed of a thick cylindrical cup (upside down) as
extended surface, on which a tube is spirally wound and brazed.
Recently, Chang and Ryu [5] performed an experiment with differ-
ent sizes of tubular HX’s and also presented an analytical model to
show that there exists an optimal size to maximize the cooling rate
for a given unit of cryocooler.

A similar type of tubular HX was used also in GM–JT (Gifford–
McMahon/Joule–Thomson) systems [6–9] for 4.2 K refrigeration,
as shown in Fig. 1(b). The high-pressure helium stream of JT circuit
is pre-cooled through spirally wound tubes at the cold-heads of
two-stage GM cooler. In some cases, a finned-tube has been used
in order to augment the external heat transfer. Similar HX’s were
used with GM cryocoolers for the cooling of HTS rotating machin-
ery and superconducting magnetic energy storage (SMES) applica-
tion. Since compactness is a major design factor in HTS motors for
shipboard application [10], the cooling temperature of HTS wind-
ings is as low as 20–30 K [11], and a tubular HX was used as ther-
mal interface between multiple units of GM coolers and circulating
helium gas. In a recently developed SMES system [12], HTS wind-
ings were also cooled at 20 K by circular aluminum plates, having
an internal hole through which gaseous helium is forced to flow.
The thermal load is carried by helium to the cold-head of cry-
ocooler, where a tubular HX was used as well.

Plate–fin heat exchanger (PFHX) is another (far different) type
of heat exchanger, being also widely used in large-scale cryogenic
refrigeration and liquefaction systems. It is made with multiple
layers of corrugated aluminum sheets separated by flat plates to
create a series of finned chambers. The primary advantage of
PFHX is compactness and design flexibility. The surface area per
unit volume is much greater (over ten times) than that of conven-
tional shell-and-tube heat exchangers [13]. PFHX is easily designed
in a variety of configurations, such as counter-flow, parallel flow,
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Nomenclature

CP specific heat of liquid nitrogen
d hydraulic diameter
H heat exchanger effective height
h heat transfer coefficient
k thermal conductivity
L heat exchanger length
l fin height
_m mass flow rate

mLN mass of liquid nitrogen container
Nu Nusselt number
q cooling rate
T temperature
t time
w fin pitch
z vertical distance from bottom

Greek letters
d thickness of fin or plate
gf fin efficiency

Subscripts
1, 2, 3, . . .

layer number of PFHX
e exit
i inlet
j summation index of multi-stream
PFHX plate–fin heat exchanger
w side wall
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cross flow, multi-pass or multi-stream HX’s. [14,15]. On the other
hand, the axial conduction through the aluminum plates could be
an obstacle, if a large temperature gradient is required for compact
cryogenic design.

In this study, it is proposed to apply a PFHX to various cryogenic
systems where regenerative cryocoolers are used. This idea is
motivated by an intuition that the axial conduction could be posi-
tively utilized, while still taking advantage of compactness and
design flexibility. The direct combination of PFHX and regenerative
cryocooler has never been reported, as far as the authors are aware.
In order to confirm the feasibility of the proposed idea, it is
intended to design, fabricate, and experimentally test a prototype
of PFHX with a commercial GM cryocooler. In addition, a variety
of potential application schemes of PFHX’s are pursued.
2. Design and fabrication of PFHX

A plate–fin HX is designed for use with a single-stage GM cry-
ocooler (Sumitomo Heavy Industry model RDK-500B [16,17]), as
graphically shown in Fig. 2. The top portion of two rectangular side
plates is bent by 90� so that the ‘‘wing-shaped’’ flanges can be
served for bolt-joint with the cold-head. Out of 8 threaded holes
Fig. 1. Existing applications of tubular HX’s with regenerative cryocoolers. (a) Liquid-nitro
evenly spaced on the bottom circle (108 mm diameter) of
cold-head, 6 holes (3 holes with each plate) are used for assembly.
The contact area between the cold-head and the PFHX is approxi-
mately 5500 mm2 (61% area of the circle), which is the sum of two
‘‘D-shaped’’ circular segments. The top surface of flanges is
machined and polished for a good thermal contact. The side plates
will play an important role of thermal conductor that delivers heat
from the streams in PFHX to the cold-head of cryocooler.

The number of layers between two side plates is seven, which is
determined by the geometric constraint of cold-head. The seven
layers are classified as two groups: odd-numbered (1, 3, 5, 7) and
even-numbered (2, 4, 6) layers, which will be called ‘‘O-layers’’
and ‘‘E-layers’’, respectively. As shown in Fig. 3, the inlet/exit ports
are located at left-top and right-bottom for O-layers and at
right-top and left-bottom for E-layers. The two groups of layers
can be used in parallel flow or counter-flow, as necessary. The
custom-ordered PFHX is fabricated by a manufacturer in Korea.
The specifications of prototype PHHX are listed in Table 1.
Material of all parts including corrugated fins, sheets/plates, and
inlet/exit ports is aluminum, and the cross-section of a flow chan-
nel is 1.3 mm � 3 mm (w � l). Fig. 3 is the photographs of
layer-by-layer views, stacked layers, and final product of the proto-
type PFHX.
gen HX with single-stage GM cooler. (b) Helium HX for GM–JT refrigeration at 4.2 K.
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Fig. 2. Graphical representation of design concept for PFHX assembly with cold-head and geometric notation for dimension of PFHX and fins.
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Fig. 3. Photographs of layer-by-layer view (O-layer and E-layer with a few streamlines by white lines), stacked layers, and final product of prototype PFHX.

Table 1
Specifications of prototype PFHX.

Number of layers O-layers 4 (1, 3, 5, 7)
E-layers 3 (2, 4, 6)

Total length L 40 mm
Total height 230 mm
Effective height H 160 mm
Total width W 150 mm

Fin type Wavy fins
Fin thickness d 0.1 mm
Fin height l 3.0 mm
Fin pitch w 1.3 mm

Parting sheet thickness 1.0 mm
Side bar thickness 5.0 mm
Side plate thickness dw 5.0 mm
Inlet/exit port diameter 12.7 mm
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Fig. 4. Schematic overview of experimental apparatus.
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3. Experiment and analysis with liquid nitrogen

3.1. Experimental set-up and procedure

Fig. 4 is the schematic overview of experimental apparatus to
verify the performance of prototype PFHX in subcooling liquid
nitrogen (LN). As mentioned with Fig. 1, subcooled LN is a common
coolant for HTS power systems, such as HTS transmission cables,
HTS fault current limiters, and HTS power transformers. The
single-stage GM cryocooler (SHI model RDK-500B) is installed on
the top plate of a cryostat, and the prototype PFHX is bolt-jointed
to its cold-head. The O-layers and E-layers are arranged as parallel
flow for this LN experiment, as schematically shown in Fig. 4. Liquid
from a pressurized container is supplied to the PFHX through a long
(15 m) pre-cooling tube submerged in LN pool. Since the cryostat is
maintained at atmospheric pressure, the LN pool temperature is
close to 77.4 K at all times. The LN stream at the inlet is clearly in
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liquid phase, because the liquid pressure in the PFHX is 350–
400 kPa (the corresponding boiling temperature is 89.7–91.3 K)
and the inlet temperature is around 77.8 K. Depending on the flow
rate and effectiveness of the PFHX, the LN stream is further sub-
cooled at the exit. The LN cooling rate at the PFHX is calculated as
qPFHX ¼ _mCP Ti � Teð Þ ð1Þ
where _m and CP are the flow rate and specific heat (2.02 J/g K) of LN,
respectively. Since Ti is constant, the cooling at the PFHX is more
effective if _m is larger or Te is lower. Experiment is performed by
varying _m so as to have Te in the range of 65–70 K. The external sur-
face of cold body (including the cold-head, PFHX, and connecting
tubes) is wrapped with foam insulation. The cold body is also cov-
ered with a plastic bag in order to prevent any condensation of
boil-off vapor in the cryostat. Fig. 5 is a photograph of top-plate
assembly including the GM cryocooler, radiation shield, PFHX, and
pre-cooling tube (hidden inside the cryostat).

Temperature is measured at the cold-head, inlet/exit tubes of
PFHX, and several locations of side plates with silicon diode
sensors (Lakeshore DT-670-SD). The sensors are attached on the
surface with cryogenic epoxy or varnish, and temperature is
recorded with two units of data logger (Lakeshore Temperature
Monitor 218).

There are a few possible ways to measure the flow rate of LN.
One is to use a cryogenic liquid flow-meter at the entrance of
PFHX, but a vortex or turbine type of flow-meter is not readily
available for the small flow rates. Another way is to use a standard
gas flow-meter at room temperature, as executed in [5]. For this
measurement, a long warm-up passage is necessary between the
cryostat and the flow-meter, which makes the flow control unsta-
ble and difficult. A simpler way is taken here to use an electronic
scale (maximum 300 kg with accuracy of 0.005 kg) for the LN
Cold
-head
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Cryostat

GM 
Cooler

Radiation
Sheild

Top Plate

Fig. 5. Photograph of top-plate assembly.
container mass (mLN) and estimate the flow rate by numerical
differentiation.

_m ¼ � dmLN

dt
� mLN t � Dtð Þ �mLN t þ Dtð Þ

2Dt
ð2Þ

as satisfactorily worked in Chang and Gwak [14]. This value is accu-
rate and independent of the sampling time (Dt), since only a
‘‘steady’’ flow rate is needed in this experiment. The LN flow can
be easily set at any desired level in the range of 6–12 g/s by regulat-
ing a valve at the exit, where LN is discharged to atmosphere.

Fig. 6 shows an example of measured time history of LN flow
rate and temperature at various locations. The inlet temperature
is maintained at 77.7–77.9 K at all times. As the LN flow rate
increases stepwise from 8.2 g/s to 11.3 g/s, the exit temperature
also increases with a time-leg in the range between 66.9 K
and 69.1 K. It is noted that the exit temperature is measured at
the mixed stream flowing out of 7 layers (i.e. both O-layers
and E-layers) and the flow rate is also the sum of flow rates in 7
layers. The dotted line indicates the freezing temperature of LN
(63.3 K), below which the flow passage may shrink by freeze-out
[14].

The effective cooling rate of the LN streams can be calculated by
Eq. (1). As the inlet temperature is 77.8 K at all times, the LN cool-
ing rate is around 179–190 W in this experiment. On the other
hand, the refrigeration capacity of this cryocooler is approximately
190–205 W at 52–54 K from the experiments by Chang and Lee
[17]. The difference between refrigeration capacity and effective
cooling is less than 15 W, which is the estimated background (or
passive) heat load of this experimental system, including the con-
duction through insulation and the radiation on the cold parts. It is
believed therefore that over 90% of the refrigeration power has
been utilized to cool the LN streams with this PFHX. Since the
temperature difference between the cold-head and PFHX flanges
is approximately 2.2–2.4 K, the estimated contact resistance is
around 7 � 10�5 m2 K/W, which is comparable with the
reference data on aluminum–copper interface in vacuum (1–
5 � 10�5 m2 K/W) [18]. In practical systems, the thermal contact
can be considerably improved by reducing the surface roughness
of flanges and/or filling the gap with soft metal such as indium.

The thermal performance of entire cooling system, including
the cold-head and PFHX, is determined by three factors: (1) HX
effectiveness, (2) thermal contact between HX and cold-head, (3)
refrigeration capacity of cryocooler. In the previous study on tubu-
lar HX’s [5], the effect of these factors was quantitatively taken into
consideration with ‘‘thermal resistance model’’. In this case, how-
ever, the same model is not readily applicable, because the temper-
ature distribution is not one-dimensional near the top of PFHX. As
described in next section, the wall temperature is expected to be
one-dimensional (i.e. dependent only on its height) from the bot-
tom to z = 160 mm, but significantly vary across the width as well
at the exit part (z > 160 mm).

3.2. Numerical analysis

A simple one-dimensional model is considered here for 2 side
walls and 7 streams with the notations in Fig. 7, even though the
actual thermal phenomena in PFHX may be complicated in general
[19–22]. By symmetry, it is assumed that two wall temperatures
are same and

T1 zð Þ ¼ T7 zð Þ; T2 zð Þ ¼ T6 zð Þ; T3 zð Þ ¼ T5 zð Þ ð3Þ

The vertical coordinate, z is the distance from the bottom of
effective HX (excluding the inlet and exit parts). The unknown
variables are now reduced to Tw(z), T1(z), T2(z), T3(z), T4(z), and the
temperature distribution is determined by a set of energy balance
equations



Fig. 6. Measured time history of LN flow rate and temperature at inlet, exit, top, flange, and cold-head.
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Fig. 7. Schematic cross-section of PFHX and calculated temperature distributions of side wall and LN streams.

Table 2
Values of properties and parameters used in calculation.

Specific heat of liquid nitrogen CP 2.01 J/g K
Thermal conductivity of liquid nitrogen k 0.150 W/m K
Thermal conductivity of aluminum (3003) kw 140 W/m K
Hydraulic diameter d 1.80 mm
Heat transfer coefficient h 391 W/m2 K
Fin efficiency gf 0.963
Mass flow rate in a layer _mj 1.61 g/s
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� kwdwW
d2Tw

dz2 ¼ hW 1þ
gf l
w

� �
T1 � Twð Þ ð4Þ

_m1CP
dT1

dz
¼ hW

2
1þ

gf l
w

� �
T2 � T1ð Þ � hW

2
1þ

gf l
w

� �
T1 � Twð Þ ð5Þ

_m2CP
dT2

dz
¼ hW

2
1þ

gf l
w

� �
T3 � T2ð Þ � hW

2
1þ

gf l
w

� �
T2 � T1ð Þ ð6Þ

_m3CP
dT3

dz
¼ hW

2
1þ

gf l
w

� �
T4 � T3ð Þ � hW

2
1þ

gf l
w

� �
T3 � T2ð Þ ð7Þ

_m4CP
dT4

dz
¼ �hW

2
1þ

gf l
w

� �
T4 � T3ð Þ

� hW
2

1þ
gf l
w

� �
T4 � T5ð Þ ¼ �hW 1þ

gf l
w

� �
T4 � T3ð Þ ð8Þ

where the parenthesis (1 + gfl/w) accounts for the effect of prime
surface (i.e. parting sheets) and fin surface in terms of fin efficiency
[18]. In this PFHX, the fin efficiency is calculated as

gf ¼
tanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2h=2kwd

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2h=2kwd

q ð9Þ

because the fin is considered a straight rectangular fin of thickness d
and length l/2 (by symmetry) [23]. In Eqs. 5–8, the terms in right
handed side are divided by 2, because the thermal resistance on
both sides of a parting sheet should be taken into account. The heat
transfer coefficient, h, is estimated with engineering correlations for
fully developed flow in a rectangular channel.

h ¼ k
d

Nud ð10Þ
where k is the thermal conductivity of LN and d is the hydraulic
diameter of a rectangular channel, defined as

d ¼ 2wl
wþ l

ð11Þ

The LN flow through this narrow passage (d = 1.80 mm as listed
in Table 2) is laminar in all experimental conditions, thus Nud is
given in the range of 3.6–4.3 [18] for the rectangular channel.
The boundary conditions of Eqs. 4–8 are given as

dTw 0ð Þ
dz

¼ 0; T1 0ð Þ ¼ T2 0ð Þ ¼ T3 0ð Þ ¼ T4 0ð Þ ¼ 77:8 K; Tw Hð Þ

¼ 64:0 K from experimentð Þ ð12Þ

and it is assumed for simplicity that the mass flow rate of LN is
evenly distributed for all streams. The equations are numerically
solved with fourth-order Runge–Kutta integration and a shooting
method. The exactness of numerical solution can be confirmed by
the sum of integrated energy equations with boundary conditions
(12).
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�2kwdwW
dTw Hð Þ

dz
¼
X7

j¼1

_mjCP Tj 0ð Þ � Tj Hð Þ
� �

ð13Þ

The calculated temperature distributions of side wall and LN
stream in 7 layers are plotted in Fig. 7 in comparison with the
experimental data. The values of properties and parameters used
in the calculation are listed in Table 2. The calculated Tw(0) is in
good agreement with the experimental value. Since there is no
experimental information on respective 7 streams, the measured
exit temperature (69.0 K) of mixed stream is compared with the
average of calculated seven exit temperatures (71.0 K). A main rea-
son for this difference is that the LN streams are rather actively
cooled at the exit part above the effective PFHX (for z > 160 mm),
where this one-dimensional model is not valid any more. Other
reason may be the effect of non-uniform distribution of LN flow
in 7 layers, which does not appear to be significant, as the flow
resistance is nearly the same.

3.3. Results and discussion

Fig. 8 is the summary of experimental results as a plot of LN
flow rate vs. exit temperature with the previous tubular HX data
[5]. As the exit temperature increases over the range of 65–70 K,
the LN flow rate increases almost linearly in this experiment. The
cooling rate with PFHX is much greater than the previously
reported values with tubular HX’s.

To be exact, the experimental conditions are slightly different
each other. The GM cooler is Cryomech AL300 in [5] and SHI
RDK-500B in this study. These two coolers are, however, similar
in the size of cold-head and the refrigeration capacity at working
temperatures. The diameter of cold-head is 100 mm for AL300,
and 108 mm for RDK-500B, but the actual contact area with HX
is 7800 mm2 and 5500 mm2, respectively. The refrigeration capac-
ity is approximately 200 W at 50 K for AL300, and 180 W at 50 K
for RDK-500B. The coldhead of AL300 was rebuilt by the manufac-
turer after a few years of operation, but the RDK-500B is a newly
developed model. The prototype PFHX is larger than the tubular
HX’s in overall size. It is recalled again that there exists an optimal
size of tubular HX (118 mm diameter � 73 mm height) [5], which
is comparable with the effective size (excluding the inlet and exit
parts) of PFHX (40 mm � 150 mm � 160 mm). The inlet tempera-
ture of LN is 77.8 ± 0.2 K in both experiments. The liquid pressure
varies over a range of 300–400 kPa, as the LN container pressure
decreases, but the enthalpy of LN is almost independent of pres-
sure in the experimental conditions. The tubular HX’s are made
Fig. 8. Experimental results of LN flow rate as a function of exit temperature.
of oxygen-free copper, while the PFHX is made of aluminum
3003. As a result, the metallic contact interfaces are copper–copper
and copper–aluminum, respectively.

Overall, it can be stated that the PFHX is superior to tubular
HX’s in thermal performance. In this specific experiment, the pro-
totype PFHX is 30–50% more effective in the cooling rate of LN. It is
also noticeable that the merit of PFHX becomes greater as the flow
rate increases, because the large surface area of compact HX
becomes more useful. On the other hand, of course, the larger pres-
sure drop should be considered as a common drawback of all com-
pact HX’s.

4. Other proposed applications

There are many potential application areas where the proposed
PFHX can be effectively used with regenerative cryocoolers. As
mentioned in Introduction, the existing tubular HX’s may be
replaced by properly designed PFHX’s for HTS cables, fault current
limiters, transformers, motors, SMES systems. Two specific appli-
cation areas are proposed and discussed here for future develop-
ment. The first is a cooling system for HTS wind turbine
generators under active research. Over past decade, the feasibility
of a 10 MW class turbine has been extensively studied with focus
on offshore application [24–26]. Among different cryogenic cooling
schemes, an on-board cooling system is illustrated in Fig. 9.
Depending on the winding design, 3 or 4 units of GM cryocoolers
are symmetrically mounted on the rotating cryostat in radial direc-
tion. On the cold-head of GM coolers, a PFHX can be used for effec-
tively cooling the helium stream circulated by a centrifugal fan.
The compactness and light weight of aluminum PFHX are signifi-
cantly advantageous in this application.

Another new application of PFHX is proposed for GM–JT refrig-
eration at liquid-helium temperature. The GM–JT refrigeration is a
combined system of GM cryocooler and JT circuit, which was
developed in 1980s (before the advent of 4 K GM coolers) for a
small load (1–2 W) at 4.2 K [6]. The GM–JT systems are still under
use for applications with a cooling load of 2 W or larger [7–9].
Fig. 1(b) is a commercially available system with two-stage GM
cooler, where the high-pressure stream is pre-cooled by two steps.
The main reason why the capacity of existing GM–JT system is only
3–5 W at 4.2 K is that the cooling rate at the second (i.e. colder)
stage is small and limited for all available GM cryocoolers.
Recently state-of-the-art single-stage GM coolers with a greater
capacity (over 20 W at 20 K) are released [27,28]. It is expected
in combination with PFHX that the refrigeration capacity of
GM–JT system could be considerably increased. As schematically
HTS Winding
Vacuum
Cryostat

Radiation
Shield

GM
Cooler

PFHX

GM
Cooler

Fig. 9. Schematic diagram of proposed on-board cooling system with PFHX’s and
GM cryocoolers for 10 MW-class HTS wind turbine generator.
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shown in Fig. 10, the PFHX is arranged as counter-flow of
high-pressure and low-pressure streams so that the GM cooler
may be in assistance to the unbalanced specific heats of two
streams. Full details of this thermodynamic study are beyond the
scope of this paper, but it is roughly estimated with commercial
software (Aspen HYSYS) that the capacity can be as high as 10–
12 W at 4.2 K as demonstrated in temperature–entropy diagram
in Fig. 10. The PFHX is a key component that will enable this
GM–JT refrigeration.

Finally, future work is recommended as next step, and a techni-
cal limit in the proposed applications is briefly mentioned. It is
important to understand the detailed temperature distribution in
PFHX for an accurate HX design. As noted above, the temperature
distribution must be significantly two-dimensional due to the
combination of a circular cold-head and a rectangular PFHX.
Further study is recommended to elaborate and experimentally
verify a design scheme that includes the geometric effect and wall
conduction.

When compared with tubular HX’s, PFHX’s have a weakness in
high-pressure applications, depending on the brazing and welding
technique. A top PFHX manufacturer claims that the maximum
design pressure of aluminum brazed PFHX is 11 MPa [15]. The
operating pressure in the systems presented here is well below this
limit, but other application areas (for example, a small scale lique-
faction of hydrogen or natural gas) may be considered as well, if
the required pressure is 10 MPa or less.
5. Summary and conclusion

The feasibility and effectiveness of PFHX is investigated for its
practical application with regenerative cryocoolers. A prototype
of aluminum-brazed PFHX is designed and successfully fabricated
in a size and shape that can be directly bolt-jointed to the
cold-head of a single-stage GM cryocooler. The thermal
performance of the prototype is experimentally tested and
analytically calculated on the process of continuously cooling a
liquid-nitrogen stream from 78 K to 65–70 K. The results show that
the PFHX is 30–50% more effective in the cooling rate than the
conventional tubular HX’s. It is concluded that PFHX is usefully
applicable to a cryogenic cooling system with regenerative
cryocoolers, still taking advantage of its compactness and design
flexibility. In addition to the liquid-nitrogen systems for HTS power
application, PFHX’s can be extensively used in various helium sys-
tems, including HTS rotating machines, superconducting magnetic
energy storage (SMES) magnets, and GM–JT refrigerators with a
larger capacity.
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